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PreservationNo single processing technique is capable of optimally preserving each and all of the structural entities of carti-
laginous tissue. Hence, the choice of methodologymust necessarily be governed by the nature of the component
that is targeted for analysis, for example, ﬁbrillar collagens or proteoglycans within the extracellular matrix, or
the chondrocytes themselves.
This article affords an insight into the pitfalls that are to be encountered when implementing the available tech-
niques and how best to circumvent them.
Adult articular cartilage is taken as a representative pars pro toto of the different bodily types. In mammals, this
layer of tissue is a component of the synovial joints, wherein it fulﬁlls crucial and diverse biomechanical func-
tions. The biomechanical functions of articular cartilage have their structural and molecular correlates. During
the natural course of postnatal development and after the onset of pathological disease processes, such as oste-
oarthritis, the tissue undergoes structural changes which are intimately reﬂected in biomechanical modulations.
The ﬁne structural intricacies that subserve the changes in tissue function can be accurately assessed only if they
are faithfully preserved at the molecular level. For this reason, a careful consideration of the tissue-processing
technique is indispensable. Since, as aforementioned, no single methodological tool is capable of optimally pre-
serving all constituents, the approach must be pre-selected with a targeted structure in view. Guidance in this
choice is offered.
© 2014 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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”Believe only half of what you see”: Themorphological appearance
of cartilage is a fatamorgana. The structural organization of the tissue as
we perceive it in themicroscope depends greatly upon the nature of the
technique that is implemented to preserve it for observation. No single
processing technique is capable of optimally preserving each and all ofC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
34 E.B. Hunziker et al. / Matrix Biology 39 (2014) 33–43the structural entities of cartilaginous tissue. Hence, the choice of meth-
odology must necessarily be governed by the nature of the component
that is targeted for analysis, for example,ﬁbrillar collagens or proteogly-
cans within the extracellular matrix, or the chondrocytes themselves.
This article will begin with a general overview of the available
preservation techniques (1. preservation techniques for cartilage:
speciﬁc chemical and physical properties of the tissue are a source
of multiple artifacts). The techniques that are best suited to preserve
and reveal each of the structural components of cartilaginous tissue
will then be delineated and brieﬂy discussed in separate subsections:
2. chondrocytes and their membranous systems; 3. the network of ﬁ-
brillar collagens; 4. the proteoglycans; 5. the tissue-water pool; and
6. the “best of the rest”. Special techniques will be summarily dealt
with at the end of the article in a separate subsection (7. special pro-
cedures), which will be followed by a few concluding remarks
(8.conclusions).
In this review, adult hyaline articular cartilage will be taken as a rep-
resentative pars pro toto of the different bodily types. In mammals, this
layer of tissue is a component of the synovial joints, wherein it fulﬁlls
crucial and diverse biomechanical functions: it absorbs and distributes
loads, transfers these to the opposing bony shafts, and ensures that
the movements of the latter are executed in a practically frictionless
manner (Hasler et al., 1999; Buckwalter et al., 2005). Since cartilaginous
tissue owes 70% of its wetweight to its aqueous component, human be-
ings may be envisaged as “walking on water” (Padalkar et al., 2013).
Naturally, the water does not ﬂow out of the tissue when we are walk-
ing. But this seemingly banal observation should by no means be taken
for granted. On the contrary, it is a small wonder, the secret of which lies
in the strong water-binding capacity of the highly-soluble proteogly-
cans, and in the fact that these macromolecules are trapped in an
underhydrated state within an insoluble network of anisotropically-
organized collagenous ﬁbrils of high tensile strength (Heinegård et al.,
1982; Tobias et al., 1992; McLeod et al., 2012; Padalkar et al., 2013).
The ﬁbrillar collagens and the proteoglycans, together withminor com-
ponents, such as non-ﬁbrillar collagens, glycoproteins and signaling
peptides, constitute the remaining 30% of the wet weight of cartilagi-
nous tissue (Anderson et al., 1964).
It is in the well-deﬁned anisotropic organization of both the
chondrocytes and the extracellular matrix of adult joint cartilage
that the key to its capacity to counteract the deleterious effects of
externally-applied mechanical forces lies. An externally-applied me-
chanical force induces a ﬂow of water within and through the extra-
cellular matrix. The densely-packed glycosaminoglycan-chains of
proteoglycanous aggrecans resist this ﬂuid ﬂow in a manner that is
proportional to the rate of loading. In practical terms, this means
that water cannot move through the matrix with sufﬁcient rapidity
to relieve the hydrostatic pressure that builds up during the com-
pression of the tissue. The consequence is, that the compressive stiff-
ness of the cartilaginous tissue increases. It has recently been shown
that the loss of glycosaminoglycans—which is a hallmark of the early
stages of osteoarthritis—causes a dramatic increase in the hydraulic
permeability of the tissue. This ﬁnding suggests that early osteoarthritic
cartilagemay bemore vulnerable to loading rate than to loadingmagni-
tude, which is the conventionally-studied parameter (Nia et al., 2013).
Hence, over the wide frequency-range of joint motion that is the
norm during daily activities, hydraulic permeability would appear to
be the most sensitive marker of early tissue degradation.
Compression-propagated ﬂuid ﬂow also induces the movement
of mobile positive counterions relative to the positions of the ﬁxed,
negatively-charged groups on the immobilized glycosaminoglycan-
chains of the aggrecan molecules. This separation of the mobile
from the ﬁxed charges generates localized electrical streaming-
potential ﬁelds, which slow down the movement of the counterions
and thus also the ﬂow of water (Frank and Grodzinsky, 1987). The
generation of the localized electrical streaming potentials is an
energy-absorbing process. This absorption of energy further limitsthe ﬂow of ﬂuid through the tissue during its compression—in such a
manner that its dynamic stiffness is maintained and its effective hy-
draulic permeability reduced by 10 to 40% (Frank et al., 1990). Although
the dominant protective effect of the proteoglycans is attributable to
the impeding inﬂuence of the closely-packed glycosaminoglycan-
chains on ﬂuid ﬂow (Nia et al., 2013), the generation of electrical
streaming-potential ﬁelds is also a contributing factor (Frank and
Grodzinsky, 1987).
By virtue of the unique sequestered microenvironment that is
generated by the entrapment of underhydrated proteoglycans with-
in a network of collagenous ﬁbrils of high tensile strength, the inter-
nal osmotic pressure of adult articular cartilage is permanently
maintained at a level of about two atmospheres (Maroudas, 1976;
Urban et al., 1979; Maroudas and Bannon, 1981; Horkay, 2013). Other
features that are characteristic of the tissue include the absence of a
blood-vascular supply, of lymphatic vessels and of nerve endings
(Eggli et al., 1988; Hunziker et al., 2007).
2. Preservation techniques for cartilage: speciﬁc chemical and
physical properties of the tissue are a source of multiple artifacts
The preparation of blocks of cartilaginous tissue for preservation ne-
cessitates a violation by cutting of the integrity of the sequestered inter-
nal microcompartments. By this mechanical act of excision, the high
internal pressure of the tissue drops explosively to the atmospheric
level. Water gushes into the cartilage in a tsunami-like fashion, drawn
there by the hydrophilicity of the proteoglycans, whose state now
changes from an underhydrated to a hydrated one (Hunziker and
Graber, 1986). The tissue swells (Hunziker and Schenk, 1989). Even
maintenance in a humid aeric atmosphere sufﬁces to induce this
phenomenon, which is accelerated in an aqueous environment
(Thyberg et al., 1973). Molecules of the extracellular matrix undergo
dislocation and disruption, thereby leading to a destruction of the native
structural intricacies of the tissue (Hunziker et al., 1983; Hunziker and
Schenk, 1987).
Upon immersion in an aqueous solution, irrespective ofwhether this
is a cell-culture medium or a chemical ﬁxative, such as formaldehyde or
glutaraldehyde, or whether it is buffered or not, low-molecular-weight
proteoglycans within the extracellular matrix of cartilaginous tissue are
immediately extracted; the higher-molecular-weight onesﬁrst undergo
a process of shifting, which has a knock-on effect, leading to the sec-
ondary dislocation of other macromolecules that lie in their wake
and of those with which they interact chemically (Hunziker et al.,
1983; Hunziker and Schenk, 1987). 10 to 30% of the proteoglycan-
population is extracted from the tissue during the ﬁrst 10 to 15 mi-
nutes of its immersion in an aldehyde-based medium (Hunziker and
Graber, 1986). The processes of molecular dislocation and extraction
lead to changes in the structural organization of the tissue of such a
high order of magnitude as to yield a morphological image that bears
little resemblance to that of native cartilage (Hunziker et al., 1982,
1983). This “image” of articular cartilage is the one that has been
impressed on our mind's eye since the advent of the classical textbook
reproductions in the 19th century (Davies et al., 1962).
Since the simple routine chemical ﬁxation of cartilaginous tissue in
an aldehyde-basedmedium leads to such a severe distortion of its mac-
romolecular organization, this mode of proceeding is totally inadequate
for a ﬁne structural analysis in the transmission electron microscope.
The lateral resolution is so greatly reduced—being at a par with that
achieved in the light microscope (micrometer-range), even on thin
(30- to 40-nm-thick) sections—as to render any measurements other
than coarse, elementary ones completely spurious (Poole et al., 1982).
Tissue that has been preserved in this manner could be used to estimate
the numerical density of chondrocytes, or to ascertain whether a net-
work of collagenous ﬁbrils is present or not, but information of a more
sophisticated nature would not be forthcoming (Aszodi et al., 1998,
2001; Gustafsson et al., 2003). An example will illustrate the dangers
35E.B. Hunziker et al. / Matrix Biology 39 (2014) 33–43of attempting any such analysis. Fibrillar collagens are not preserved
in their entirety: those with a comparatively low tensile strength and
with a diameter below 20 nm are simply destroyed or lost to the
aqueous medium (Studer et al., 1995; Hunziker et al., 1997). Conse-
quently, we are presented with a biased optical image, which carries
the danger of mis- or over-interpretation. And these dangers are
heightened if the tissue is subjected to selective enzymatic digestion
with a view to facilitating the diffusion of antibodies in the context of
an immunohistochemical analysis (Poole et al., 1982; Poole and
Pidoux, 1989).
The classical histological image of cartilaginous tissue as seen after
preservation in aldehyde-based media is personiﬁed in the appearance
of the chondrocytes, which, owing to the disruption of the interactions
that their surfaces establish with proteoglycans in the pericellular ma-
trix, undergo retraction and shrinkage (Figs. 1A and 3A, Table 1). The
space that they occupied in a native, expanded state remains “empty”.
This halo was long ago designated as the chondrocytic lacuna. Owing
to their collapsed state, the chondrocytes become intensely stained
after exposure to a standard cationic dye, such as Alcian Blue. However,
in light micrographs, the positions of the chondrocytes are most readily
identiﬁed by their large, stain-free lacunae. This classical image of
chondrocytes (Fig. 3A) has given rise to a number ofmisinterpretations.
For example, in immature articular cartilage and in cartilage of the
epiphyseal plate, the shrinkage of the hypertrophic chondrocytes isA
C
Fig. 1. Transmission electron micrographs of thin sections through the growth-plate cartilage
chemical ﬁxation in 2.5% glutaraldehyde and post-ﬁxation in 1% osmium tetroxide, (B) glutaral
ide, likewise in the presence of 0.7% RHT, (C) high-pressure freezing, freeze-substitution and low
In (A), the depicted chondrocyte has a shrunken appearance and is surrounded by an “empty
interactions with proteoglycans in the pericellular matrix is lost owing to the extraction of th
with the surroundingmatrix. In (B), the presence of RHT prevents the extraction of proteoglyca
its hold on the pericellular compartment and is preserved in an expanded state without a mant
that interact with the cell surface, the plasmalemma is drawn towards thematrix, which leads t
the precipitation and condensation of the proteoglycans, the matrix assumes a coarse, granular
but has undergone no swelling. Consequently, the organelles undergo no distortive movement
preserved, but no ultrastructural details relating to either the cell or the surrounding matrix ar
Reproduced with the publishers' permission from Hunziker, E.B. Microsc Res Tech 24, 457-464more “impressive” than that of the proliferative ones (Fig. 1A),
since their 10-fold larger volume (Hunziker and Schenk, 1987;
Hunziker and Schenk, 1989) leads to the generation of 10-fold larger
lacunae, thereby giving rise to the belief that they were degenerative
(Hunziker et al., 1984). In the due course of time, this belief led to the
postulate that the hypertrophic chondrocytes underwent programmed
death (apoptosis) during the process of matrix mineralization (Gibson
et al., 1995; Roach et al., 1995). In the 1980s, appropriatemethodologies
were implemented to preserve growth-plate cartilage in a near-native
state. The hypertrophic chondrocytes were thereby revealed to be
structurally intact and functionally active right up to the point of contact
with the vascular-invasion front (Hunziker et al., 1982, 1984).
During the preservation of cartilaginous tissue in aldehyde-based
media, only the protein core of themacromolecules undergoes chemical
ﬁxation, viz., crosslinkage; the carbohydrate chains, which constitute
80% of the bulk of themolecules, are not ﬁxed. Consequently, the degree
to which proteoglycans are extracted into the aqueous medium de-
pends upon their speciﬁc make-up, and will thus vary unpredictably.
This variability has been observed (Engfeldt and Hjertquist, 1968;
Hunziker and Graber, 1986) and is often falsely interpreted as a
tissue-speciﬁc effect, whereas in reality it is no more than a ﬁxation-
associated artifact (Hunziker and Graber, 1986; Handley et al., 2002).
In the 1960s and 1970s, the addition of a cationic dye, such as Tolu-
idine Blue (Shepard and Mitchell, 1976a), Alcian Blue (Sames, 1974),B
D
of rats, depicting chondrocytes of the hypertrophic zone after (A) conventional, primary
dehyde-based ﬁxation in the presence of 0.7% RHT and post-ﬁxation in 1% osmium tetrox-
-temperature embedding, and (D) high-pressure freezing, freeze-etching and shadowing.
” (unstained) lacuna. The mechanical stability that is afforded to the plasmalemma by its
ese macromolecules. In consequence, the cell retracts and maintains only focal contacts
ns from the extracellular matrix. Consequently, the chondrocytic plasmalemmamaintains
ling lacuna. Owing to the precipitation and consequent condensation of the proteoglycans
o a compensatory expansion (swelling) of the chondrocytes. Likewise as a consequence of
appearance. In (C), the depicted chondrocyte is similarly preserved in an expanded state,
s and are preserved in situ. In (D), the native dimensions of the depicted chondrocyte are
e revealed in such a fractured relief. Bars = 2.5 μm (A), 5 μm (B), 6 μm (C) and 2 μm (D).
, 1993 (A-C) and Hunziker, E.B. et al., J Cell Biol 98, 267-276, 1984 (D).
Table 1
Preservation quality of cartilaginous tissue after the instigation of different ﬁxation protocols.
General features Chondrocytes
(schematic views)
ECM ECM (schematic
views)
Preservation technique Observation
technique
• Chondrocytic lacunae
• Signiﬁcant loss of PGs
• Only large-caliber collagenous ﬁbrils
are preserved intact
PM
• ≈ 100% of the PGs are extracted
TM/ITM
• ≈ 60% of the PGs are extracted
• Network of collagenous ﬁbrils is
dislocated and disrupted
Chemical
• Formaldehyde
• Glutaraldehyde
LM
Chemical
• Glutaraldehyde (PF)
→osmium tetroxide (SF)
TEM
• No chondrocytic lacunae
• Precipitation and condensation of PGs
throughout the entire ECM
• Only large-caliber collagenous ﬁbrils
are visible; the ﬁner ones are partially
masked by PGs
PM
• 100% of the PGs are retained
• Collagenous network is preserved
Chemical
• Formaldehyde + CD
• Glutaraldehyde + CD
LM
Chemical
• Glutaraldehyde + CD (PF)
→osmium tetroxide + RHT (SF)
TEM
• No chondrocytic lacunae
• Homogeneous distribution of PGs
• Collagenous ﬁbrils of all dimensions are
preserved and visible
• PGs are retained and
homogeneously distributed
• Collagenous network is preserved
in its entirety
Physical/Chemical
• HPF/ FS/ LTE
TEM
• No chondrocytic lacunae
• PGs are not visible (too ﬁne)
• Collagenous ﬁbrils are generally not
visible
Purely Physical
• HPF/FE/Shadowing
TEM
Key to abbreviations: PGs: proteoglycans; ECM: extracellular matrix; PM: pericellular matrix; TM: territorial matrix; ITM: interterritorial matrix; PF: primary chemical ﬁxation; SF: sec-
ondary chemical ﬁxation; CD: cationic dye; RHT: ruthenium hexaammine trichloride; HPF: high-pressure freezing; FS: freeze-substitution; LTE: low-temperature embedding; FE:
freeze-etching; LM: light microscopy; TEM: transmission electron microscopy.
36 E.B. Hunziker et al. / Matrix Biology 39 (2014) 33–43Ruthenium Red (Luft, 1971; Shepard and Mitchell, 1977a,1977b),
Cupromeronic Blue (Scott, 1980; Scott and Orford, 1981) or Safranin O
(Shepard and Mitchell, 1976b), to chemical-ﬁxation media led to a sig-
niﬁcant improvement in the preservation quality of cartilaginous tissue,
as seen in the light- and transmission-electron microscopes. These
agents precipitate the proteoglycans and the glycoproteins, as well as
any other negatively-charged molecules, more or less in situ (Lammi
and Tammi, 1988; Jortikka et al., 1993), thereby preventing their aque-
ous extraction. However, tissue that had been further processed for in-
spection in the transmission electron microscope by post-ﬁxation in
an aqueous solution of osmium tetroxide—to improve the contrast of
themembranous systems (Palade, 1952)—was not improved in appear-
ance.When cartilaginous tissue is exposed to an aqueous solution of os-
mium tetroxide, 70% of the precipitated (immobilized) proteoglycans
are secondarily extracted (Engfeldt and Hjertquist, 1968). So far, only
one compound—ruthenium hexaammine trichloride (RHT)—is known
to have sufﬁcient proteoglycan-precipitation power to overcome this
problem (Hunziker et al., 1982). In cartilaginous tissue that has been
pre- and post-ﬁxed in the presence of RHT, the chondrocytes are uni-
form in size and shape (Figs. 1B and 3B). The so-called “dark” cells
(Shepard and Mitchell, 1976b; Nissila et al., 1977; Carlson et al., 1985)
that have been observed after the instigation of routine chemical-
ﬁxation protocols (Fig. 3A) are never encountered, thereby intimating
that they are ﬁxation-associated artifacts (Hunziker et al., 1982, 1984).
Albeit so, some authors are still convinced of their reality, and speculate
on their plausible functions (Ahmed et al., 2007; Chen et al., 2010a).
Using these RHT-based chemical-ﬁxation protocols, it became possi-
ble for the ﬁrst time to map the distribution and density proﬁles of the
proteoglycanswithin cartilaginous tissue—the latter parameter at a sub-
cellular level of resolution (Hunziker and Herrmann, 1987; Buschmann
et al., 2000). However, owing to the RHT-induced precipitation and col-
lapse of thesemacromolecules, the ﬁne intermolecular relationships are
destroyed (Fig. 2B) (Hunziker and Schenk, 1987). Omission of the post-
ﬁxation step in osmium tetroxide also yields reproducible preservation
results in terms of cell size and shape. Moreover, in the absence of osmi-
um tetroxide, cationic dyes other than RHT can be used, for example,
RutheniumRed or one of its derivatives (Hunziker et al., 1992). Howev-
er, the contrast of the membranous systems does not sufﬁce for a de-
tailed ultrastructural analysis.As far as the geometrical conﬁguration of the chondrocytes and the
immobilization of the proteoglycans are concerned, the introduction
of a suitable cationic dye into aldehyde-based chemical-ﬁxation media
effects a substantial qualitative improvement in the preservation quality
of cartilaginous tissue. However, the proteoglycan-precipitation process
per se generates another set of problems and is an additional source of
artifacts. For example, the cationic-dye-induced precipitation of proteo-
glycans induces their collapse. During this process, thosemolecules that
have established interactive relationships with the surfaces of the
chondrocyteswill draw the plasmalemmae towards thematrix, thereby
leading to a compensatory expansion of the cells and to the concomitant
formation of intracellular vacuoles (Hunziker et al., 1982, 1983). In con-
sequence, the chondrocytes will occupy larger volumes and their
pericellular-matrix compartments smaller ones than they do in reality
(Hunziker et al., 1983). Hence, quantitatively, the dimensions of the for-
mer will be over and those of the latter underestimated.
The dehydration and embedment of cartilaginous tissue can also
generate artifacts. For example, if the process of dehydration is com-
menced in 40% ethanol, the cartilaginous tissue will undergo swelling.
This problem can be circumvented if the initial concentration of the eth-
anol is raised to 70% (Hunziker and Schenk, 1989). However, if the na-
tive tissue is in a mechanically-compressed state at the time of its
excision, the re-swelling pressure after chemical ﬁxation in the pres-
ence of a cationic dye will be so high that, even after dehydration in
100% ethanol, its expansion during the process of embedment cannot
be avoided (Patwari et al., 2004).
By now, it must be clear to the reader that the preservation of carti-
laginous tissue in a near-native state at the molecular level cannot be
achieved using chemical-ﬁxation protocols. This ideal can be attained
only if physical, cryoprocessing techniques are implemented, and even
then, only if the process is effected with great rapidity (at a cooling
rate of 10,000 °C per second or higher) (Studer et al., 1995; Keene and
Tufa, 2010), whereby an instantaneous inactivation of the molecules
will be procured. Such conditions can be realized; but, in practice, only
down to a tissue depth of a few micrometers. If extremely high pres-
sures in the order of 2,000 atmospheres can be generated for a fewmil-
liseconds, then the formation of destructive ice crystals and their
subsequent growth can be avoided or at least greatly impeded down
to a deeper tissue level, viz., approximately 200 to 300 μm (Studer
BA C
Fig. 2. Transmission electron micrographs of thin sections through the growth-plate cartilage of rats, depicting the extracellular-matrix compartments in the zone of hypertrophic
chondrocytes after (A) conventional, primary chemical ﬁxation in 2.5% glutaraldehyde and post-ﬁxation in 1% osmium tetroxide, (B) glutaraldehyde-based ﬁxation in the presence of
0.7% RHT and post-ﬁxation in 1% osmium tetroxide, likewise in the presence of 0.7% RHT, and (C) high-pressure freezing, freeze-substitution and low-temperature embedding. In (A),
most of the proteoglycans have been extracted. In consequence, the skeleton of collagenous ﬁbrils is revealed with great clarity. In (B), the presence of RHT has prevented the loss of pro-
teoglycans. Owing to their precipitation and consequent condensation, thematrix has a coarse, granular appearance, which reduces the lateral resolution of the imaging process: the ﬁne
ultrastrucutural features of the collagenous ﬁbrils are but poorly revealed. In (C), the proteoglycans are preserved in situ and in their native, expanded state. The lateral resolution of the
imaging processes is thus in no way compromised: the ﬁne ultrastructural details of the collagenous ﬁbrils are clearly visible. Bars= 1.5 μm (A, B) and 420 nm (C). Reproduced with the
publisher's permission from Hunziker, E.B. Microsc Res Tech 28, 505-519, 1994.
37E.B. Hunziker et al. / Matrix Biology 39 (2014) 33–43et al., 1995). Even themolecules of the tissue's water pool (constituting
70% of its volume) will be preserved in their physiological, randomly-
orientated state, rather than in an artiﬁcially crystalline one. The pro-
cess whereby water molecules are preserved in such an amorphous
(non-crystalline) state is referred to as vitriﬁcation. The vitriﬁcation
of water molecules can be achieved only at very high pressures (and
very low temperatures) (Studer et al., 1995; Hunziker et al., 1996;
Keene and Tufa, 2010). At atmospheric pressure, ice crystals will be
formed even in the presence of an antifreeze agent, albeit on a ﬁner
scale. Moreover, these agents themselves exert a destructive inﬂu-
ence not only on the membranous systems of the chondrocytes but
also on the ﬁne molecular structure of the cartilaginous matrix, the
smaller soluble compounds (such as peptides and glycoproteins)
being particularly vulnerable.
Using a high-pressure-freezing technique (Moor et al., 1980;
Hunziker et al., 1984; Studer et al., 1995), the chondrocytes and
their membranous systems, as well as the macromolecular organiza-
tion of the extracellular matrix, can be preserved in a near-native
state by the vitriﬁcation of the water pool (Figs. 1C and 2C). However,
visualization of the vitriﬁed tissue at the ultrastructural level in the
transmission electron microscope necessitates further processing,
which, by its very nature, will give rise to artifactual changes. These
changes can be completely circumvented (or at least minimized) if
the tissue is further processed by purely physical means, viz., by
freeze-etching, followed by shadowing with platinum (Hunziker et al.,
1984), which yields a replica of the fractured surface (Fig. 1D). Howev-
er, the information that can be gleaned from such replicas is conﬁned to
parameters such as the size and the shape of the chondrocytes and to
the organization of their membranous systems (Hunziker et al., 1997).
Using this technique, chondrocytes of the hypertrophic zone in
growth-plate cartilage have been conﬁrmed to be structurally intact
and in a functionally-active state down to their point of contact with
the vascular-invasion front. Andwhen high-pressure freezing is follow-
ed by freeze-substitution and low-temperature embedding (see
below), instead of by freeze-fracturing, etching and shadowing, hyper-
trophic chondrocytes within growing (immature) articular cartilage
have likewise been demonstrated to be structurally and functionally in-
tegral throughout the entire zone of mineralization (Hunziker et al.,
1984, 1996, 1997; Keene and McDonald, 1993).The great beneﬁts of tissue vitriﬁcation are jeopardized if due
thought is not given to the subsequent processing steps. For example,
if the high-pressure-frozen tissue is dehydrated at ambient tempera-
ture, it will thaw, and the vitriﬁed water will crystallize during the
thawing process before the liquid state is attained, thereby leading to
the disruption and dislocation of theﬁnemolecular intricacies of the ex-
tracellularmatrix. And if the dehydration process is then initiated in 70%
ethanol, the vitriﬁed water will be very rapidly substituted with the al-
coholic solution; proteoglycans within the extracellular matrix will be
lost to the medium, and the tissue blocks will undergo considerable di-
mensional changes. Only when the vitriﬁed water is substituted very
slowly with a purely organic solvent, such as acetone, at very low tem-
peratures (e.g., at−90 °C) can the process ofmolecular shifting bemin-
imized (Studer et al., 1995; Hunziker et al., 1997). The embedment step
should likewise be conducted very slowly at sub-zero temperatures
(Hunziker et al., 1984; Keene and McDonald, 1993).
If cartilaginous tissue is preserved by high-pressure freezing, it is
expedient to conﬁrm that the water pool has indeed been vitriﬁed.
This information can be obtained by subjecting cryosections through
the tissue to an electron-diffraction analysis in the transmission elec-
tronmicroscope (Studer et al., 1995; Hunziker et al., 1996). The tech-
nical demands of preparing cryosections from the high-pressure-
frozen tissue and of manufacturing a cryostage for their electron-
diffraction analysis in the transmission electron microscope were not
overcome until the 1980s. Before this time, the vitriﬁcation-check by
electron diffractionometry was conducted on freeze-fractured reliefs.
However, the level of resolution did not sufﬁce to yield the necessary in-
formation (Hunziker et al., 1984; Keene and McDonald, 1993; Studer
et al., 1995; Keene and Tufa, 2010).
3. Chondrocytes and their membranous systems
In routinely-prepared histological sections through cartilaginous
tissue (chemical ﬁxation in formaldehyde and embedment in paraf-
ﬁn: see Table 1), the chondrocytes have a typically shrunken appear-
ance, are intensely stained, and are characteristically mantled by an
“empty” (unstained) pericellular lacuna. Although the lacuna is a
processing artifact, it is such a patent structure and so characteristic
a feature of chondrocytes in routinely-prepared specimens as to be a
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other tissue types in engineered constructs (Chen et al., 2010b; Liu
et al., 2012). The chondrocytic plasmalemma and the organellar
membranes are usually disrupted, giving the cells an apoptopic appear-
ance (Hunziker et al., 1983). In extreme cases, the chondrocytes and
their membranous systems may undergo complete collapse, imparting
to the cells a necrotic appearance, whichmay bemisinterpreted as such
(Fig. 3A, Table 1) (Nissila et al., 1977; Carlson et al., 1985; Chen et al.,
2010a). This phenomenon can occur even when chemical ﬁxation is
conducted in the presence of a cationic dye, if the choice of agent is in-
appropriate, and also during post-ﬁxation in osmium tetroxide (when
the tissue is destined for an ultrastructural analysis in the transmission
electronmicroscope). It can be likewise encountered if, during the act of
tissue excision, the tools implemented for this purpose exert high local
mechanical forces along the cutting edge. Owing to the collapsed and
thereby condensed state of their membranous systems, these grossly
shrunken cells are rendered remarkable by themanifestation of a strong
staining signal. This feature, coupled with the circumstance that irregu-
lar scatterings of the cells are consistently observed, has led to their
being specially designated as “dark” chondrocytes (Nissila et al.,
1977; Hunziker et al., 1983; Carlson et al., 1985; Chen et al.,
2010b). Not all authors concede to the opinion that these so-called
“dark” cells are an artifact; indeed, several groups of investigators
have attributed speciﬁc functions to them (Shepard and Mitchell,
1976b; Gibson et al., 1995; Ahmed et al., 2007; Chen et al., 2010b).
If chemical ﬁxation is conducted in the presence of a cationic dye,
such as RHT, with a high binding afﬁnity for negatively-chargedmol-
ecules and thus with a strong proteoglycan-precipitation power,
then these collapsed cells are not observed unless other conditions
at an earlier or a later stage of the tissue-processing sequence are
suboptimal. Such will be the case if an unwontedly high mechanical
force is applied along the cutting edge of the tissue specimens during
their excision, which will occur if a blunt razor blade rather than a
gentle sawing device is used for the purpose; and likewise if the car-
tilage is excised together with a portion of the adjacent bone, the cut-
ting of which will generate a momentarily very high compressive
force (Loqman et al., 2010). That suitable cutting tools must beA B
Fig. 3. (A, B): Light micrographs of semi-thin sections through the proximal tibial growth-
(A) or presence (B) of 0.7% RHT. (C): High-resolution transmission electronmicrograph of a
the radial zone. In (A), the cells have retracted from the surrounding pericellular matrix, th
dergone shrinkage and condensation to variable degrees, thereby enhancing their afﬁnity
(B), the chondrocytes maintain their intimate contact with the surrounding pericellular m
that interact with the cell surfaces, the plasmalemmae are drawn towards the matrix, w
vacuolization. In (C), an expansive network of collagenous ﬁbrils in the nanometer-diam
to 2 μm). Under conventional chemical-ﬁxation conditions, the nanoﬁbrillar network is d
classes, a distinct cross-banding is apparent. Bars = 30 μm (A, B) and 200 nm (C). Reprodu
31, 717-727, 1983 (A, B) and Hunziker, E.B. et al., Histochem Cell Biol 106, 375-382, 1996employed should, one would have thought, be a matter of course.
But a surprisingly large number of authors are negligent in this mat-
ter. False economy! : “Truly [not] a cutting of blocks with ﬁne razors
while we scrape our chins so uncomfortably with rusty knives!” (An-
thony Trollope: The Warden). Apoptosis can be readily induced up to
a distance of about 200 μm from a mechanically-traumatized cutting
edge, and can be misinterpreted as an observation of functional sig-
niﬁcance (Walker et al., 2000; Hunziker and Stahli, 2008).
The native shape of chondrocytes can be consistently and repro-
ducibly preserved only if the cationic dye is present throughout the
entire course of chemical ﬁxation. If the tissue is subjected only to
primary ﬁxation in an aldehyde-based medium, as will be the case
if it is destined solely for a histological analysis, then a cationic dye
other than RHT could be utilized (Hunziker et al., 1983). An RHT-
analogue (Hunziker et al., 1992), Ruthenium Red or Toluidine Blue
would be suitable alternatives. But using several others, such as
Alcian Blue (Ruggeri et al., 1975; Schoﬁeld et al., 1975), either the
tissue-penetration properties of the dye are too poor, or its binding
afﬁnity for negatively-charged molecules is too weak, to yield a ho-
mogeneous proteoglycan-precipitation result. An appropriate posi-
tive control should be included to validate the preservation results
that are achieved using the cationic dye of choice.
A suitable cationic dye will be one with a low molecular weight,
the capacity to diffuse rapidly through the tissue, and a high
electrical-charge density. If the choice is appropriate, then its inclu-
sion in the chemical-ﬁxation medium will prevent the extraction of
proteoglycans and of other negatively-charged extracellular com-
pounds. In consequence, the interface between the extracellular ma-
trix and the chondrocytes will be conserved: the native shape of the
cells will bemaintained; so, too, will the plasmalemma and the intra-
cellular membranous systems.
Tissue that is destined for an ultrastructural analysis in the transmis-
sion electronmicroscope is usually subjected to post-ﬁxation in osmium
tetroxide to enhance the contrast of themembranous systems. A cation-
ic dye that has been demonstrated to be effective in preventing the ex-
traction of proteoglycans into a primary-ﬁxation (aldehyde-based)
medium may not be likewise effective in the presence of osmiumC
plate cartilage of rats after conventional gultaraldehyde-based ﬁxation in the absence
thin section through bovine articular cartilage, depicting the interterritorial matrix of
ereby giving rise to the formation of “empty” (unstained) lacunae. The cells have un-
for the cationic stain Toluidine Blue. In extreme cases, so-called “dark” cells arise. In
atrix. Owing to the precipitation and consequent condensation of the proteoglycans
hich leads to a compensatory expansion (swelling) of the chondrocytes and to their
eter range is revealed with great clarity between the ﬁbrils of larger caliber (50 nm
estroyed and never seen. In the longitudinally-orientated ﬁbrils of both dimension-
ced with the publishers' permission from Hunziker, E.B. et al., J Histochem Cytochem
(C).
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cationic dye is sufﬁciently high to immobilize (precipitate) the pro-
teoglycans in an aldehyde-based medium, the interaction may be
too weak to resist the harsh extraction forces of an osmium-
tetroxide-containing one (Hunziker andGraber, 1986). RHT and several
of its derivatives are the sole exceptions (Hunziker et al., 1982, 1992).
Moreover, during their cationic-dye-induced precipitation, the proteo-
glycans undergo collapse (Hunziker and Schenk, 1987). During this pro-
cess, those molecules that have established interactions with the
surfaces of the chondrocytes will draw the plasmalemmae towards
the matrix, thereby leading to a compensatory expansion (swelling)
of the cells, the concomitant formation of intracellular vacuoles, and a
consequent narrowing of the pericellular-matrix compartment. The
resulting increase in cell volume has been estimated to lie in the order
of 17%, as measured at the end of the processing sequence, even in the
face of the tissue shrinkage that is associated with the process of dehy-
dration in ethanol at concentrations exceeding 70% (Hunziker et al.,
1987; Hunziker and Schenk, 1989).
The problems that are associated with the chemical ﬁxation of carti-
lage in aldehyde-based media, namely, cell collapse and the formation
of a pericellular lacuna, cannot be overcome by cryoﬁxation according
to conventional methodologies, for example, using carbon dioxide or
liquid nitrogen.When these techniques are implemented, the formation
and growth of ice crystals leads to cell collapse and to a destruction of
the ﬁne structural intricacies of the extracellular matrix. Such material
is suitable only for a coarse histological evaluation in the light micro-
scope; an ultrastructural analysis in the transmission electron micro-
scope is out of the question.
4. The network of ﬁbrillar collagens
In adult mammalian articular cartilage, the matrix is characterized
by an arcade of ﬁbrillar collagens. This architectonic feature was
ﬁrst described by Benninghoff in 1922 (Benninghoff, 1922), and its
existence has since been repeatedly conﬁrmed (Hunziker et al.,
1997; van Turnhout et al., 2010b). The arcade of ﬁbrillar collagens
is not to be seen unless the articular layer is sectioned in a precisely
vertical direction relative to the plane of the underlying bone. In
obliquely-sectioned specimens, its anisotropic organization will not
be clearly reﬂected, and such images are open to misinterpretation.
This danger will also arise if the images hit artifactual, processing-
induced undulations in the surface contour of the bony plate. These
circumstances serve to illustrate the importance to image interpreta-
tion of instigating not only a suitable technical-processing method-
ology but also an appropriate and well-deﬁned sectioning protocol.
A close scrutiny of the arcade of ﬁbrillar collagens reveals a gradient
of increasing diameter from the superﬁcial zone down to the lower
radial one, which is of biomechanical import (Jurvelin et al., 2003;
van Turnhout et al., 2010a). The collagenous network can be most
readily identiﬁed in low-power transmission electron micrographs
after chemical ﬁxation in the absence of a cationic dye (Table 1). In
this respect, we can take advantage of the biased structural appear-
ance of cartilaginous tissue from which the proteoglycans have
been extracted, in so far as the collagenous ﬁbrils are thereby
unmasked and rendered more visible (Fig. 2A). This methodological
approach has been applied in a number of studies with knock-out
mice whose aim has been to assess the impact of selective gene-
deletion on the structure of the collagenous network (Aszodi et al.,
1998, 2001). However, only the coarser ﬁbrils are revealed using this
tactic. The population of nanoﬁbrils does not survive chemical ﬁxation
in aldehyde-basedmedia. These entities can bepreserved only if sophis-
ticated cryotechnical approaches—involving high-pressure freezing,
freeze-substitution and low-temperature embedding (Hunziker et al.,
1984; Li et al., 2005)—are implemented (Fig. 3C). Moreover, the native
tissue must be processed immediately upon its excision, without even
transient immersion even in a buffered solution, which would lead tothe extraction of proteoglycans and a consequent disruption of the
macromolecular organization of the nanoﬁbrils (Hunziker and
Graber, 1986; Hunziker et al., 1996; Keene and Tufa, 2010). This phe-
nomenon can occur even during freeze-substitution if the organic
solvent is ill-chosen. Under these suboptimal conditions, an artifac-
tual optical impression is gained, and the nanoﬁbrils appear as hol-
low cylinders (ap Gwynn et al., 2000). When freeze-substitution is
executed under optimal conditions, the nanoﬁbrils are revealed to
be compact structures, which are more electron dense centrally than
peripherally, and are surrounded at a distance by a water-rich com-
partment (Studer et al., 1996).
The anisotropic organization of the coarser collagenous ﬁbrils can
be revealed also by implementing speciﬁc stains, such as Sirius Red
(Junqueira et al., 1980), as well as by polarized light microscopy
(Mittelstaedt et al., 2011) and by magnetic resonance imaging
(Momot et al., 2010; Koller et al., 2014), or by an analysis of birefrin-
gence (Panula et al., 1998). Scanning electron microscopy is the least
useful methodology. The critical-point-drying step generates arti-
facts of such a crude and severe nature as to greatly compromise an
analysis of the ﬁbrillar architecture. Furthermore, after the tissue
has been bombarded with particles of gold in a vacuum to enhance
the electron-conductivity of its surface, the characteristic cross-
banding of all but the coarsest collagenous ﬁbrils can no longer be
distinguished (Changoor et al., 2011; Fujioka et al., 2013); nor can
the different types of ﬁbril. Moreover, as may be the case when
high-pressure-frozen tissue undergoes freeze-substitution in an Ill-
chosen organic medium, the collagenous ﬁbrils may artifactually ap-
pear as hollow tubes (ap Gwynn et al., 2000).
Hence, using conventional methodological approaches, little useful
information can be gleaned respecting either the “backbone” of coarser
ﬁbrils or the intricacies of the intervening network of ﬁner ones. At best,
the data thereby accumulated can play a supportive role in helping to
explain the mechanical properties of cartilaginous tissue (Studer et al.,
1995; Hunziker et al., 1997).
5. The proteoglycans
Thematricular population of proteoglycanswithin articular cartilage
is unique in its organization, which is a key to the biomechanical attri-
butes and functions of the tissue (Heinegård, 2009). Its speciﬁc structur-
al, electrical and osmotic properties, as well as its density and state of
underhydration, change during the course of development, and vary
as a function of age and disease (Heinegård, 2009).
The routine, aldehyde-based chemical ﬁxation of cartilaginous tissue
in the absence of a cationic dye is to be regarded as a proteoglycan-
extraction rather than a preservation step, and the situation is exac-
erbated if the tissue is subjected to post-ﬁxation in osmium tetroxide
for an ultrastructural analysis (see Subsection 2). Notwithstanding,
suchmethodologies are still widely implemented in research and pa-
thology laboratories. The stained tissue-sections thereby produced
for routine inspection can reveal only the extraction-and the redis-
tribution proﬁles of the proteoglycans, and, as such, yield biased in-
formation of very limited use. Moreover, it makes no sense to
subject such specimens to a semi-quantitative histological analysis
using scoring systems (Glasson et al., 2010).
The introduction of a given cationic dye into an aldehyde-based
ﬁxation medium was shown in the pioneering histochemical studies
of Szirmai (Szirmai and Doyle, 1961; Szirmai, 1963) to induce the se-
lective precipitation of speciﬁc proteoglycan- (hitherto known as
mucopolysaccharide) classes [for review, see (Hyllested et al.,
2002)]. Although the inclusion of an appropriate and powerful cat-
ionic dye during the course of primary and post-ﬁxation (the latter
for transmission electron microscopy) can prevent the extraction of
matricular proteoglycans, the immobilization of these macromole-
cules by precipitation induces their collapse and condensation
(Hunziker and Schenk, 1987)—which reduces the power of lateral
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uncontrolled, random displacement and a consequent destruction
of their native distribution pattern and structural organization.
Moreover, since the dimensions of the condensed proteoglycans lie
within the range of the tissue-section thickness (approximately
40 nm), imaging in the transmission electron microscope is ham-
pered by truncation and over-projection artifacts. At best, the distri-
bution proﬁles of the proteoglycans in the different matricular
compartments and tissue-zones can be compared and quantiﬁed.
Such information can be helpful in an analysis of the intra-tissue
strain forces that are generated under different mechanical-loading
conditions (Buschmann et al., 2000).
The matricular proteoglycans can be preserved in their native, ex-
panded state only if the tissue-water pool is vitriﬁed, which can be
achieved by implementing highly-sophisticated cryopreservation tech-
niques (see Subsection 2). Under these conditions, the proteoglycans
are revealed as a homogeneously-distributed, densely-packed mass of
electron-dense entities between the collagenous ﬁbrils (Hunziker
et al., 1997; Keene and Tufa, 2010) (Fig. 2C). The individual molecular
components of the mass of proteoglycans cannot be revealed without
recourse to speciﬁc immunological tools. After post-embedment
immunolabeling with a tagged antibody (or its Fab-fragment) against
the carbohydratemoities of the proteoglycans, the individualmolecular
components can be visualized with a relatively high power of lateral
resolution (Hunziker and Herrmann, 1987). As yet, a successful meth-
odology for the protein epitopes has not been elaborated. Moreover, al-
though the lateral resolution is reasonably high, it is reduced by the
presence of the electron-dense tag and the antibody (or its Fab-
fragment), by localized scattering around the epitope, and by image-
analysis interferences (Hunziker and Schenk, 1987). Information
respecting the structures and the sizes of the individualmolecular com-
ponents can be garnered only after these have been isolated and spread
on a two-dimensional surface. Such analyses can be performed using
the Kleinschmitt technique (Buckwalter et al., 1994), by rotatory
shadowing (Morgelin et al., 1995), or—with the highest resolution—by
atomic-force microscopy (Lee et al., 2012). The latter methodology is
the only one that permits a visualization of the proteoglycans in a
near-physiological state (Han et al., 2007).
6. The tissue-water pool
Given the avascular nature of articular cartilage, the tissue-water
compartment is obviously an important medium for the transport of
ions, nutrients and soluble substances of all kinds. But, in addition, it
plays a crucial role in the biomechanical activities of the tissue (Frank
and Grodzinsky, 1987; Frank et al., 1987). Although many of the meta-
bolic activities of the extracellular matrix, such as its remodeling, its
mineralization and the formation of its highly-organized, anisotropic
network of collagenous ﬁbrils, occur within this compartment, and
often at some distance from the chondrocytes, they are nevertheless
under cellular control (Okazaki and Sandell, 2004). The extracellular
water ismaintained in a bound or trapped state owing to the interactive
activities of the chondrocytes, the collagenous meshwork and the pro-
teoglycans (see Subsection 1).
When cartilage is immersed in an aldehyde-based ﬁxation medium,
the tissue undergoes considerable changes in mass and volume, which
are largely a consequence of the aqueous extraction of the proteogly-
cans. These changes are lessened, although not altogether wanting,
after chemical ﬁxation in the presence of a cationic dye. Further changes
in mass and volume, albeit to a lesser degree, occur also during the pro-
cesses of dehydration and embedment.
The water pool can be preserved and visualized in a near-
physiological state only by implementing a thoroughly physical ap-
proach, namely, by subjecting the tissue to high-pressure freezing,
freezing-etching and rotatory shadowing (Hunziker et al., 1984).
After high-pressure freezing under optimal conditions, the tissuewater is preserved in a vitriﬁed (amorphous) state, quite in the ab-
sence of ice crystals, the formation and growth of which have a
distortive, disruptive and destructive inﬂuence on all cellular and
matricular structures—without exception. After freeze-etching and
rotatory shadowing, visualization of the tissue-reliefs in the trans-
mission electron microscope yields useful information respecting
the size and the structural integrity of the chondrocytes, but other-
wise, such images are of limited value, representing as they do no
more than shadowed reliefs of the tissue. Transmission electron mi-
croscopy of tissue sections is a much more powerful methodology,
which can furnish information respecting the structural intricacies of
the extracellular matrix. However, for this purpose, the high-pressure-
frozen tissue must undergo freeze-substitution and low-temperature
embedding. During these processes, the vitriﬁed tissue-water is ﬁrst
substitutedwith a chemically-inert organic solvent at very low temper-
atures (−90 °C). The tissue is then inﬁltrated at sub-zero temperatures
with a plastic resin, whose polymerization is likewise effected at sub-
zero temperatures (Roth et al., 1981; Hunziker et al., 1984). Under opti-
mal conditions, these processes are accompanied by only minor chang-
es in the dimensions and the volume of the tissue. Transmission
electron microscopy of cartilaginous tissue that has undergone high-
pressure freezing, freeze-substitution and low-temperature embedding
has revealed a phenomenon whose existence had hitherto not even
been suspected, let alone observed, namely, the presence of a water-
rich halo around the collagenous ﬁbrils (Studer et al., 1996), the biolog-
ical signiﬁcance of which awaits clariﬁcation.
7. The “best of the rest”
The cartilaginous matrix contains diverse molecules and small mac-
romolecules, which are quantitatively minor components. Their con-
centrations change during the course of development and vary with
the level of tissue reactivity to trauma or disease (Heinegård, 2009).
These components include small proteoglycans, glycoproteins, non-
ﬁbrillar collagens and signaling substances. Despite their low levels,
many of these compounds play pivotal roles in the formation, the re-
modeling, the repair and the biomechanical activities of articular carti-
lage. During the course of development, the levels of some of these
substances change predictably in a stage-speciﬁc manner (Wilson
et al., 2011). And in cartilaginous tissue that has attained maturity, the
levels of speciﬁc molecules can be indicative of ongoing remodeling or
repair activities.
The precise localization of these quantitatively minor matricular
components is a troublesome and often a frustrating undertaking.
Data pertaining thereto are often open to mis-and over-interpretation
owing to the instigation of inappropriate tissue-preservation tech-
niques. The methodological approach that is most frequently imple-
mented to localize these components and to map their distribution
proﬁles is immunohistochemistry, which is commonly performed ei-
ther on parafﬁn-embedded sections though tissue that has been con-
ventionally ﬁxed in aldehyde-based media, or on cryosections through
conventionally-croﬁxed specimens. As with the quantitatively major
matricular components, the quantitatively minor ones are likewise
prone to dislocation and aqueous extraction during chemical ﬁxation
in aldehyde-based media and dehydration in ethanolic ones, and,
owing to their generally smaller size, to a greater degree. Hence, the im-
munohistochemical images should be interpreted with great reserva-
tions. They can reveal no more than a very crude notion of the
patterns of distribution of the targeted molecules, unless these happen
to form stable interactions with water-insoluble structures, such as
the chondrocytic plasmalemma or ﬁbrillar collagen. The belief that the
problems can be overcome by performing the immunohistochemical
analysis on cryosections instead of on parafﬁn-embedded ones is ill-
founded. Firstly, such cryosections are usually air-dried, which induces
molecular dislocations. Secondly, the labeled antibodies are applied to
the cryosections in aqueous media, which will lead not only to the
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to the dislocation of those that are spared. Hence, also using this ap-
proach, the images are open to mis- and over-interpretation, and the
danger of deception is perhaps the greater in so far as many investiga-
tors suffer under the delusion that the aqueous-extraction problem is
circumvented by conventional cryopreservation.
No attempts have yet been made to investigate these quantitatively
minor matricular components in the transmission electron microscope
after the immunostaining of sections through tissue-specimens that
have been processed by high-pressure freezing, freeze-substitution and
low-temperature embedding. This methodological approach would be
the one best suited to yield meaningful ultrastructural information.
8. Special procedures
A number of special techniques can be implemented to yield com-
plementary information relating to speciﬁc questions, which usually
have a functional rather than a structural bearing. Examples of such
methodological tools include nuclear magnetic resonance imaging
(Koller et al., 2014), polarization light microscopy (Panula et al.,
1998), laser-scanning microscopy and autoradiography (Buschmann
et al., 1996; Kawaguchi et al., 2012). The value of the data gleaned
using these approaches is compromised by the limited resolution of
the images, which lies within the light-microscopic range.
Atomic force microscopy has been implemented to yield both struc-
tural and functional information appertaining to the surface and subsur-
face features of fresh cartilaginous tissue, which can be maintained
under physiologically-relevant conditions during imaging in the
subnanometer-resolution range. In one such study (Jurvelin et al.,
1996), the articular surface of bovine cartilage was revealed to be char-
acteristically smooth and amorphous, thereby conﬁrming the long-held
suspicion that the undulations disclosed by scanning electronmicrosco-
py were processing (dehydration)-induced shrinkage artifacts. Further-
more, simultaneous quantiﬁcation of the degree of cantilever-tip
indentation and contact force revealed local variations in surface stiff-
ness which could reﬂect corresponding differences in mechanical be-
havior [see also (Allen and Mao, 2004)].
9. Conclusions
Adult human articular cartilage has a unique structure, the anisotro-
py of which is manifested at all levels—from the macroscopic down to
the molecular. The structural features of the tissue layer faithfully re-
ﬂect, and afford clues to, its biomechanical properties. The truth of this
assertion is borne out by the changes in structural organization that
occur during the course of the tissue's development from immaturity
(fetal through postnatal stages) tomaturity (adulthood). During the dif-
ferent phases of postnatal development, the tissue subserves a dual
function, acting not only as an articular layer but also as a superﬁcial
growth plate (Hunziker et al., 2007). This double role of the tissue
layer is minutely reﬂected in its structure, which changes in temporal
synchrony with the changes in its functional needs.
As the human individual grows visibly, the elongation of the long
bones proceeds at a rapid pace, peaking at the end of the prepubertal
spurt, and then at a declining rate until the time of its cessation, which
marks the attainment of skeletal maturity. These changes in growth
rate are temporally reﬂected in the growth-plate-like structural features
of the tissue (Hunziker, 1994; Hunziker et al., 2007). On the other hand,
as the biomechanical loading of the long bones, particularly those of the
lower limbs, increases—themost dramatic changes occurring during the
transitions fromnon-crawling babyhood, through the crawling phase of
infancy, to the verticality of walking childhood—the articular-cartilage-
like structural features of the tissue are superimposed and becomemore
prominent.
What has taken many words to explain but poorly is in nature
effected smoothly and “effortlessly” in a beautifully-coordinatedprocess (Hunziker et al., 2007). An insight into the structural intricacies
that subserve the changes in function can be gained only if they are
faithfully preserved at the molecular level. Unfortunately, no single
methodological tool is capable of surmounting the Herculean difﬁcul-
ties that pave the way to this end. Only by instigating several different
methodologies—each with its advantages and disadvantages—can we
assemble, in a jigsaw-puzzle-like fashion, a comprehensive overview
of the tissue's structure as a mosaic of the whole.
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